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Abstract Green Japanese cedar logs 2 m in length and 
18 cm in diameter were dried to a mean moisture content 
of less than 30% by either air drying or kiln drying. Dried 
logs were impregnated with copper azole (CUAZ) solution 
according to Japanese Industrial Standard (JIS) A9002. 
Preservative absorption was calculated from the log weight 
before and after preservative impregnation. Impregnated 
logs were then dried in the air and cut at the center to 
determine preservative penetration. The penetration area 
was determined after visualizing the preservative with 
chrome azurol S. The visualized area indicated that the 
preservative solution penetrated into the sapwood portion 
of almost all the air-dried logs. However, the kiln-dried logs 
did not show full penetration into the sapwood portion. The 
visualized area of some kiln-dried sapwood showed a pen¬ 
etration value of less than 80%, which is the minimum 
requirement set by the Japanese Agricultural Standard 
(JAS) for sawn timber. Statistical analysis showed that pen¬ 
etration in the air-dried sapwood was significantly better 
than that in the kiln-dried sapwood. It was concluded that 
air drying is more favorable than kiln drying as the predry¬ 
ing method for CUAZ impregnation. On the other hand, 
preservative absorption was not affected by the drying 
method. 
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Introduction 

Wood is regarded as a carbon sink and a useful material for 
mitigating global warming. Therefore, many attempts 
have been made to replace steel and concrete with wood. 4 7 
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Wooden guardrails are one of the products in which steel 
and concrete are replaced with wood. 8,9 Several types 
of guardrails with wooden beams have been developed 
and confirmed to satisfy the Japanese regulations for 
guardrails. 8 

Although wooden guardrails can be considered as a 
carbon sink, they are also a source of carbon dioxide emis¬ 
sion. So, in view of mitigating global warming, it is very 
important to prolong the service life of the guardrails and 
delay the emission of carbon dioxide gas. Extended service 
life is expected through preservative treatments. 10 

Preservative treatment in Japan used to be applied to 
railroad ties and utility poles. 11 Many studies were carried 
out to estimate and improve the efficacy of preservative 
treatment, and the results revealed that the wood moisture 
content affects preservative impregnation and thus wood 
with high moisture content is not suitable for preservative 
impregnation. 11 Therefore, it has been recommended that 
the moisture content be reduced before preservative 
treatment. 1217 

Although inadequate drying may result in insufficient 
impregnation, these results were derived by a test using 
chromated copper arsenate (CCA) or creosote oil. It is 
not known if dried logs can be properly impregnated with 
post-CCA preservatives such as copper azole (CUAZ), 
ammonium copper quaternary compound (ACQ), or alkyl 
ammonium compound (AAC). In addition, the wood¬ 
drying method has been improved from air drying to kiln 
drying. 

This study experimentally investigated the impregnation 
of dried Japanese cedar logs with CUAZ, the results of 
which are presented here. The effect of the drying method 
on impregnation is also discussed. 


Materials and methods 

The scheme of this experiment is shown in Fig. 1. Sixty 
green logs of Japanese cedar (Cryptomeria japonica) were 
randomly divided into two groups each consisting of 30 
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Green log (GL) (60) 


Green log for kiln-drying 
(GLK, 30) 


Kiln drying 


Kiln-dried log (KDL, 30) 


Green log for air-drying 
(GLA, 30) 


Air drying 


Air-dried log (ADL, 30) 


KDL for impregnation 
(KDLI, 20) 


KDL for MC 
determination 
(KDLM, 10) 



ADL for MC 
determination 

ADL for impregnation 

(ADLI, 20) 

(ADLM, 10) 


Preservative impregnation by 
pressure treatment 


KDLI after impregnation 


ADLI after impregnation 

(KDLAI, 20) 


(ADLAI, 20) 


Fig. 1. Experimental scheme. Abbreviations and number of logs are 
shown in parentheses 


Table 1. Schedule of kiln drying 


Step 

Period 

(days) 

Dry bulb Wet bulb Relative 

temperature temperature humidity 
(°C) (°C) (%) 

Treatment 

1 

0.5 

85 

85 

100 

Steaming 

2 

1 

70 

67 

87 


3 

2 

71 

67 

83 


4 

2 

73 

67 

76 


5 

2 

75 

67 

69 

Drying 

6 

2 

77 

68 

65 


7 

2 

79 

68 

59 


8 

2 

80 

68 

57 


9 

0.5 

80 

75 

80 

Conditioning 


green logs. The green logs (GL) in each group were weighed 
and dried by one of two drying processes. 

One of the drying processes was air drying, which was 
carried out at the Forestry and Forest Products Research 
Institute (FFPRI) in Tsukuba City from July to October in 
2007. The green logs for air drying (GLA) were laid out 
under a roof and dried for 4 months. The other process was 
kiln drying, which was conducted at FFPRI using a conven¬ 
tional drying chamber according to the drying schedule 
shown in Table 1. 

After the drying process, both the air-dried logs (ADL) 
and the kiln-dried logs (KDL) were weighed, and their 
moisture content was measured using a Kett HM-520 wood 
moisture meter. Measurements were taken at 12 points 
(Fig. 2). After the moisture content was determined using 
the moisture meter, one-third of the logs were randomly 
selected for determining the moisture content by the oven- 
dry method [air-dried log for moisture content determina¬ 
tion (ADLM) and kiln-dried log for moisture content 
determination (KDLM) in Fig. 1]. 

Moisture content of selected logs was determined at the 
center and at 50 cm from both ends. Wood disks about 2 cm 
thick were prepared from these positions. Wood strips 
(width about 2 cm) were made from each disk (Fig. 3). 
Small specimens were prepared from each strip and weighed 
(Ww). The specimens were dried for about 24 h in an oven 
at 105° ± 2°C and then weighed as dry mass (Wd). The 



Fig. 2. Points of moisture content measurement. Open circles indicate 
the points where moisture content was measured with a moisture 
meter 



Fig. 3. Preparation of specimens for moisture content determination 
by an oven-dry method 


moisture content of each specimen was calculated from the 
following equation: 

Moisture content (%) = (W w - W d ) W d x 100 (1) 

Nonselected logs (ADLI or KDLI) were separately 
impregnated with CUAZ solution containing 0.32%-0.39% 
CuO and 0.002% cyproconazole according to Japanese 
Industrial Standard (JIS) A9002 (2005). 16 Both impregna¬ 
tion processes consisted of the following three steps: pre¬ 
liminary vacuum step (0.5 h, 0.0 MPa), impregnation step 
(5 h, 1.55 MPa), and preservative withdrawn step (1 h, 
0.0 MPa). After the impregnation process, the air-dried logs 
after impregnation (ADLAI) and the kiln-dried logs after 
impregnation (KDLAI) were weighed again, and the 
absorption of preservative solution was calculated from 
the weight of the logs before and after the impregnation. 
The impregnated logs were laid out under a roof and sea¬ 
soned for several months. Wood disks were cut from the 
center of the impregnated dried logs and used for determin¬ 
ing the preservative penetration according to the Japanese 
Agricultural Standard (JAS) for sawn timber. 18 To visualize 
the preservative, 0.5% chrome azurol in 1% sodium acetate 
solution was sprayed on the surface of each disk. The 
sprayed disks were dried in a ventilated room for 1 day. 

Calculation of percentage of penetration against sap wood 
area was conducted using a CanoScan 9950 F flat bed color 
scanner (Canon) and ImageJ image analysis software 
(National Institutes of Health, Bethesda, MD, USA). 19 The 
scanned data containing whole end-grain images were first 
divided into sapwood and heartwood images by a visual 
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check, and the sapwood image was used for the next calcu¬ 
lation. The sapwood area was determined using the soft¬ 
ware. The preservative penetration area was also calculated 
using the software, as follows: the RGB image was first 
divided into three grayscale images, one each for the red, 
blue, and green channels. Next, a subtracted image of the 
red channel minus the blue channel was calculated and a 
threshold was set on the subtracted image. The threshold 
level was adjusted to that where the selected area was equal 
to the colored area of the original image. 

All statistical analyses were performed using JMP 8.0 
(SAS Institute, Cary, NC, USA). Significance level was set 
at 0.05 throughout all analyses. 


Results and discussion 

To investigate the effect of the drying method on preserva¬ 
tive impregnation, green logs of Japanese cedar were 
divided into two groups and subjected to either air drying 
or kiln drying followed by preservative impregnation. Mean 
weight of green logs for GLA was 37.1 kg with a standard 
deviation of 5.9 kg, and that for GLK was 38.4 kg with a 
standard deviation of 4.1 kg. Statistical analysis by Student’s 
t test suggested that there was no significant difference in 
average weights between these two groups. Two groups of 
logs with almost the same mean weight were subjected to 
further study. 

The logs of each group were dried by the air-drying 
or kiln-drying procedure. Table 2 shows the weight and 
moisture content of the logs after each drying procedure. 
Statistical analysis indicates that there was no statistical 
significance in the mean weight of logs between the two 
groups. The mean dimensional weight of the ADL and the 
KDL was less than 500 kg/m 3 . However, the maximum 
dimensional weight of the two groups was greater than 
500 kg/m . JIS A9002 suggests that Japanese cedar should 
be dried to a dimensional weight of less than 500 kg/m’ 
before impregnation. 17 The data on dimensional weight 
indicated that some logs were not sufficiently dry to be 
impregnated with preservative. 

Mean moisture content of the logs calculated from data 
measured by the Kett HM-520 moisture meter is also shown 
in Table 2. Mean moisture content and standard deviation 
of the ADL were slightly higher than that of the KDL. The 
maximum moisture content measured by the moisture 
meter was 94%, which is a great deal higher than that 
expected after air-drying for several months. Rainfall or 
dew may have increased the moisture content of the log 


surface, but the reason for such extremely high moisture 
content remains unclear. 

Mean moisture content of the logs was also determined 
by the oven-dry method. The results are also shown in 
Table 2. The maximum moisture content given by the oven- 
dry method was 26.5% and 28.9% for the ADLM and 
KDLM, respectively. These values were almost the same as 
the fiber saturation point. Therefore, it is suggested that the 
sapwood portion of the logs used for preservative impreg¬ 
nation (ADLP and KDLP) had practically no free water. 
This finding was also confirmed by mean moisture content 
and standard deviation of ADLM and KDLM. In the case 
of ADLM, for example, a mean moisture content of 20.4% 
and standard deviation of 2.5% suggests that 99.7% of 
sapwood had a moisture content of less than 26.9%, because 
about 99.7% of sapwood should have a moisture content 
within 3 standard deviations of the mean moisture 
content. 

The maximum values determined by the oven-dry 
method were much lower than those observed by the mois¬ 
ture meter. This fact suggests that the high moisture content 
observed by the moisture meter was not caused by the high 
moisture content of the sapwood portions; it might have 
been affected by high moisture content on just the surface 
of the logs or in the heartwood portion. Statistical analysis 
indicates that the sapwood in ADLM showed significantly 
higher mean moisture content than that in KDLM. 

The results of preservative impregnation are shown in 
Figs. 4 and 5. The weight of logs before preservative impreg¬ 
nation significantly affected preservative absorption. Higher 
weight appeared to result in lower absorption amount. The 
correlation coefficient between weight and absorption was 
-0.82. Moisture content also significantly affected preserva¬ 
tive absorption (correlation coefficient, -0.71). Mean pre- 
servative absorption of ADLAI was 572 kg/m’ with a 
standard deviation of 78 kg/m 3 , and that of KDLAI was 
583 kg/nT with a standard deviation of 53 kg/m’. Statistical 
analysis suggests that there was no statistical significance in 
preservative absorption between the logs dried by air drying 
and those dried by kiln drying. 

The effect of the drying method on preservative penetra¬ 
tion is shown in Fig. 5. The weight of logs before impregna¬ 
tion is plotted against the percentage of preservative 
penetration area in the sapwood. The figure clearly shows 
that there is no relationship between log weight and per¬ 
centage of penetration area. It is also shown that there is 
no relationship between mean moisture content and per¬ 
centage of penetration. On the other hand, the percentage 
of penetration appeared to be affected by the drying method. 
All ADLAI showed almost full penetration, but one-fourth 


Table 2. Weight, dimensional weight, and moisture content of logs after drying procedures 


Sample name 

Mean weight 
(kg) 

Dimensional 
weight (kg/m 3 ) 

Mean moisture content (%) 



Moisture meter method 

Oven-dry method 



Air-dried logs 

22.5 (2.8) 

442 (55) 

17.3 (7.5) 

20.4 (2.5) 

Kiln-dried logs 

23.4 (2.1) 

460 (41) 

13.8 (2.5) 

16.7 (3.4) 


Standard deviations are shown in parentheses 
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of the KDLAI showed penetration of less than 80%, which 
is the minimum requirement set by the JAS for sawn timber. 
To clarify the effect of the drying method on preservative 
penetration, the percentage of penetration was statistically 
analyzed. The average value of penetration in the AD LAI 
was 99.6% with a standard deviation of 0.8%, and that in 
the KDLAI was 85.5% with a standard deviation of 13.2%. 
Student’s t test clearly indicates that penetration in the air- 
dried logs is significantly better than that in the kiln-dried 
logs. 

The importance of moisture content control before pre¬ 
servative impregnation is well documented. 12-17 However, 
the results of this study clearly indicate that moisture 
content control is necessary to ensure a certain level of 
preservative absorption but is not sufficient to assure ade¬ 
quate penetration. To achieve an adequate penetration 
level, air-drying before preservative impregnation is neces¬ 
sary. This study also reveals that dimensional weight, mois¬ 
ture content, and preservative absorption are not satisfactory 
indicators for judging preservative penetration. There is no 
correlation between these indicators and preservative pen¬ 
etration in the dried log tested in this study (Figs. 5, 6). 



Preservative absorption (kg/m ) 

Fig. 6. Relationship between preservative absorption and penetration. 
Open circles , air-dried log; filled circles , kiln-dried log 
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Therefore, it is impossible to eliminate dried logs with poor 
penetration through the screening of these indicators. It will 
be necessary to development reliable new indicators for 
judging penetration. 

The reason why the kiln-dried logs showed inferior pen¬ 
etration remains unclear. Lower moisture content of the 
kiln-dried sapwood might have resulted in an increase of 
aspirated pits, 20 22 which is known to reduce the permeabil¬ 
ity of logs. Or, the drying method might have affected the 
number and depth of surface cracks and checks occurring 
during the drying procedure. Further study will be required 
to reveal the factors for reduced permeability in kiln-dried 
logs. 

Regarding energy consumption, air drying is preferable 
to kiln drying. In the case of kiln drying, fossil fuel resources 
are required to supply the latent heat of evaporation. 23 In 
addition, part of the energy supplied by fossil fuel is lost in 
the process of kiln drying such as heat loss from the dryer, 
heat loss associated with vent air, and steam delivery loss. 

It was shown that about 80 kg carbon dioxide is released 
when drying 1 m 3 Japanese cedar wood. 24 In addition to this 
advantage of air drying, this study revealed that air drying 
is suitable for producing dried wood with good treatability. 
Therefore, it is concluded that air drying followed by pre¬ 
servative treatment will help mitigate global warming. 

Although air drying is more environmentally friendly 
than kiln drying, it is also true that air drying takes longer 
to produce dried logs suitable for preservative impregna¬ 
tion. Our next task is to find the optimal process for produc¬ 
ing dried wood with high treatability using less energy and 
in a shorter drying period. 


Conclusions 

Preservative penetration in sapwood and preservative 
absorption were investigated using dried Japanese cedar 
logs and CUAZ solution. It is concluded that air drying is 
a better pretreatment than kiln drying for CUAZ impreg¬ 
nation to mitigate global warming, from the following 
results obtained: 

1. Absorption of preservative solution significantly 
decreased with increase of dimensional weight. Preser¬ 
vative absorption appeared to lessen with an increase of 
moisture content. 

2. Preservative penetration did not correlate with mois¬ 
ture content, dimensional weight, and preservative 
absorption. 

3. Preservative penetration in the air-dried logs was signifi¬ 
cantly higher than that in the kiln-dried logs. 

Acknowledgments We are deeply grateful to Xyence Co. Ltd. for their 
help in assisting with preservative impregnation. We also thank Mr. 
Tomoya Kawada and Mrs. Etsuko Shirakawa for their help in sample 
preparation. This study was supported by the program “Research 
Project for Utilizing Advanced Technologies in Agriculture, Forestry 
and Fisheries” and “Research and development projects for applica¬ 
tion in promoting new policy of Agriculture Forestry and Fisheries” 
by the Ministry of Agriculture, Forestry and Fisheries of Japan. 


References 

1. Sedjo RA, Amano M (2006) The role of forest sinks in a post- 
Kyoto world. Resources 162:19-22 

2. Kobayashi N (2005) Wood resources and climate change. Proceed¬ 
ings of the International Symposium on Wood Science and Tech¬ 
nology, Yokohama, 1O01 

3. Petersen AK, Solberg B (2005) Environmental and economic 
impacts of substitution between wood products and alternative 
materials: a review of micro-level analyses from Norway and 
Sweden. For Policy Econ 7:249-259 

4. Nakazawa T, Iimura Y, Imai F, Miura I (2005) Time-dependent 
mechanical behaviour of king-post truss highway bridge. In: Pro¬ 
ceedings of the International Symposium on Wood Science and 
Technology, Yokohama, 4P44 

5. Matsumoto Y (2003) Lovely roof garden: harmonious space 
created by plants and wood (in Japanese). Mokuzai Kogyo (Wood 
Industry) 58:547-550 

6. Ishida H (2003) Wooden noise barrier (in Japanese). Mokuzai 
Kogyo (Wood Industry) 58:559-561 

7. Sasaki T, Usuki S, Nakamura N, Nakayama Y (2008) Technical 
guideline on timber bridge 2005. In: Proceedings of the 10 th World 
Conference on Timber Engineering, p 458 

8. Kamiya F (2003) A trend in development of the wooden guardrail 
(in Japanese). Mokuzai Hozon 29:53-57 

9. Zhang R, Kanemaru K, Nakazawa T, Iimura Y, Nakamura M 
(2005) Full scale collision tests of timber guardrail. In: Proceedings 
of the International Symposium on Wood Science and Technology, 
Yokohama, 4P45 

10. Deroubaix G (2008) Wood protection, a tool for climate change 
mitigation? International Research Group on Wood Protection, 
Document No. 08-50257 

11. Shibamoto T, Amemiya S, Inoue Y, Iwasaki K, Endo J, Kamiyama 
Y, Kanahira Y, Kurosawa M, Kurotori S, Sakamoto Y, Saito F, 
Nishimoto K, Haraguchi T, Hirose R, Mawatari S, Morita T, 
Yamano K (1985) History of wood preservation. In: History and 
future of wood preservation (in Japanese). Japan Wood Preserving 
Association, Tokyo, pp 29-110 

12. Bellman H (1954) Praxisnahe Laboratoriums - Untersuchungen 
iiber das Eindringen von Fliissigkeiten in Holz bei der Kessel- 
drucktrankung. Holz als Roh- und Werkstoff 12:312-316 

13. Hunt GM, Garratt GA (1967) Preparation of material for 
treatment. In: Wood preservation. McGraw-Hill, New York, 
pp 127-170 

14. Arsenault RD (1973) Conditioning methods. In: Wood deteriora¬ 
tion and its prevention by preservative treatment, vol II. Syracuse 
University Press, Syracuse, pp 149-161 

15. Ibach RE (1999) Wood preservation. In: Wood handbook. Forest 
Products Society, Madison, p 14-1-27 

16. Japanese Industrial Standard A9002 (2005) Preservative treatment 
of wood products by pressure processes 

17. American Wood Preservers Association (2008) General require¬ 
ments for preservative treatment. AWPA Book of Standards, 
Tl-08 

18. Japanese Agricultural Standard for Sawn Timber (2007) Testing 
method for preservative penetration. Japanese Agricultural Stan¬ 
dard Association, Tokyo 

19. Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image processing 
with Image! Biophotonics Int ll(7):36-42 

20. Meyer RW (1970) Influence of pit aspiration on early wood perme¬ 
ability of Douglas-fir. Wood Fiber 2:238-339 

21. Fujii T, Suzuki Y, Kuroda N (1997) Bordered pit aspiration in the 
wood of Cryptomeria japonica in relation to air permeability. 
IAWA J 18:69-76 

22. Kang W, Chung WY (2009) Liquid water diffusivity of wood from 
the capillary pressure-moisture relation. J Wood Sci 55:91-99 

23. Tschernitz JL (1991) Energy in kiln drying. In: Dry kiln operator’s 
manual: USDA Agricultural Handbook AH-188. Forest Products 
Laboratory, Madison, pp 239-256 

24. Tsunetsugu Y, Hisada T, Arima T (2003) Environmental impact 
assessment of wood drying process (in Japanese). In: Proceedings 
of the 53th Annual Meeting of Japan Wood Research Society, 
Fukuoka, p 534 



